Introduction
The development of olfactory tissue grafts may provide physicians with new treatment options for patients with olfactory loss. About three million adults in the United States have disorders of smell or taste and about half of the population between 65 and 80 years old have impaired smell function [1] . Injury to the olfactory nerves frequently results in anosmia, the complete loss of olfactory function. Anosmia is frequently observed in patients with moderate to severe head injury [2], upper respiratory infections, and nasal and paranasal disease [3 ] . Spontaneous recovery of olfactory nerve function may occur within the first 6 months to a year after insult; however, beyond 1 year the prognosis for recovery is very poor. The treatment options for patients with anosmia are very limited. Interestingly, cells within the olfactory epithelium have unique regenerative properties, including the ability to undergo neurogenesis and replace olfactory neurons following injury [4 ] . Over the past two decades, the survival and regenerative capacity of olfactory tissue have been studied after transplantation to different parts of the central nervous system. More recent attention has been focused on the use of olfactory tissue grafts to replace damaged cells in the olfactory epithelium and to restore olfactory function.
Unique properties of the olfactory epithelium
The olfactory epithelium is a pseudo-stratified epithelium consisting of basal cells, supporting cells, and olfactory sensory neurons [4 ] . Basal cells in the olfactory epithelium have the remarkable capacity to undergo continuous regeneration throughout life and following injury. Since olfactory epithelium basal cells differentiate into sensory neurons, they provide a unique population of stem cells for neuron replacement in the central nervous system (CNS).
Olfactory injury models have been used to investigate the restorative capacity of the olfactory epithelium. Graziadei et al. [5] were the first to demonstrate regeneration of olfactory neurons in adult, nonhuman primates. Following transection of the olfactory nerves and the subsequent degeneration of olfactory neurons within the olfactory epithelium, they noticed an intense mitotic activity among basal cells. By 60-90 days sufficient neurogenesis had occurred in the olfactory epithelium to restore the population of olfactory neurons to control levels. Graziadei and Costanzo [6] [7] [8] [9] used different nerve injury models to demonstrate the regenerative capacity of the olfactory epithelium. Their studies revealed that following nerve injury olfactory epithelium basal cells
Purpose of review
To discuss the unique properties of the olfactory epithelium and the potential use of olfactory epithelial grafts to restore olfactory function.
Recent findings
Sensory neurons in the olfactory epithelium undergo continuous regeneration, grow new axons, and reestablish connections with the olfactory bulb throughout life. When transplanted into different regions of the brain, olfactory epithelial graft cells retain their morphological and regenerative properties. Olfactory cells within the grafts grow axons that enter into the surrounding brain tissue. Recent studies have shown that the olfactory epithelium can be grafted directly to the olfactory bulb.
Summary
The olfactory epithelium has a remarkable capacity to continuously generate new sensory neurons and survives grafting into different regions of the brain. A review of the literature and the future use of olfactory grafts as a potential method to restore olfactory function is discussed. regenerate, differentiate into neurons, grow new axons back to the olfactory bulb, and reestablish functional connections. Although functional connections can be reestablished in the olfactory bulb, the mapping of these connections onto receptor-specific targets appears to be altered [10] . The functional implications of these changes in the wiring of newly established connections in the bulb and how this effects odor identification and discrimination are not fully understood. Some evidence suggests that odor identification is altered when the bulb is rewired and that odor discrimination can be restored by odor training and relearning [6] . The formation of scar tissue following nerve injury may prevent or block axons from growing back to specific regions in the bulb. Reducing scar tissue formation could prove helpful in facilitating the reinnervation of the olfactory bulb. The administration of dexamethasone following olfactory nerve transection injury in mice was proven to be successful in reducing the injury response and enhancing recovery of olfactory neurons [11] .
Keywords
Schwob et al. [12] used a methyl bromide inhalation model to selectively damage sensory neurons in the nasal epithelium. This model simulates the exposure of olfactory epithelium to airborne toxins and chemicals that cause a direct insult to the epithelium. Following direct inhalation injury, sensory and supporting cells that are exposed at the mucosal surface undergo degeneration, while the deeper layer of basal cells often remains intact. These basal cells are capable of reconstituting the olfactory epithelium with new sensory and supporting cells [13] . Collectively, these studies demonstrate that the olfactory epithelium has a remarkable capacity to recover from injury and is an ideal candidate for restorative tissue grafting.
Progress in olfactory epithelium transplantation and grafting
The remarkable capacity of olfactory cells to regenerate and give rise to new neurons has made them the subject of much interest for research involving transplantation, tissue grafting, and repair within the central nervous system.
A number of studies have used olfactory epithelium tissue grafts as a source of stem cells to induce neural regeneration in the CNS. One study demonstrated that transplantation of the olfactory placode from Xenopus embryos to different locations could give rise to olfactory cells capable of integrating into the optic nerve stalk as well as the diencephalon [14] . In another study, olfactory epithelium grafts from neonatal rats survived transplantation to the adult parietal cortex and the fourth ventricle [15] . In one study transplantation of olfactory mucosa grafts helped to minimize axonal branching and pro-moted the recovery of vibrissae motor performance after facial nerve repair in rats [16] . Olfactory epithelium grafts not only survive placement in different regions of the brain but also retain cell characteristics typically found in the normal olfactory epithelium [17] [18] [19] . In a study in which strips of olfactory epithelium from young mice (5-20 days old) were grafted into the parietal cortex of adult mice, olfactory epithelium grafts examined at 120 days' survival contained fully developed olfactory sensory neurons [18] . This was confirmed by the presence of the characteristic olfactory marker protein (OMP) in graft cells. These mature olfactory neurons integrated into the surrounding cortex and grew axon processes. Axons from sensory cells in olfactory epithelium grafts are capable of growing axons deep into the surrounding cortex. Although functional connections to cells in the olfactory bulb have not been confirmed, many of the olfactory epithelium graft studies suggest that synapse formation is likely.
Cells harvested from the olfactory epithelium can be used for grafting back into the damaged olfactory epithelium or into other regions of the CNS. Several investigators have attempted to use olfactory ensheathing cells to promote regeneration in spinal cord injury [20, 21] . Goldstein et al. [13] harvested precursor cells from adult olfactory epithelium in rats and transplanted them to the olfactory mucosa of rats having received a methyl gas lesion to destroy the olfactory sensory neurons. These precursor cells participated in the reconstitution of the olfactory epithelium, suggesting that they have the capacity to serve a therapeutic role in regeneration and repair. Chen et al. [17] selectively isolated different cell types from the olfactory epithelium of green fluorescent protein-expressing donor mice and engrafted them into the olfactory epithelium of normal mice. They found that specific cell types, such as the globose basal cells, were capable of giving rise to either neurons or sustentacular supporting cells within the host olfactory epithelium.
Some investigators have developed cell culture systems to maintain and expand olfactory progenitor cells. Threedimensional spheres of cultured cells derived from the Olfactory epithelial transplantation Costanzo and Yagi 55
Key points
Injury to the olfactory nerves often results in a complete loss of smell function (anosmia). The olfactory epithelium has a remarkable capacity to continuously generate new sensory neurons. Grafts of olfactory neurons survive transplantation into different regions of the brain and retain olfactory characteristics. Olfactory grafts may provide new treatment options for restoring olfactory function in patients with anosmia. olfactory epithelium of transgenic mice expressing a green fluorescent protein were dissociated after a few days in vitro and then directly transplanted into the epithelium of wild-type mice. Methyl-bromide-lesioned mice receiving such a transplant via nasal infusion revealed integration of sphere-cultured cells into the lesioned epithelium but not cells cultured in two-dimensional layers [22] . The ability to culture and perhaps modify olfactory cells in culture could provide the basis for future cell replacement therapies.
Recent attention has been focused on grafting olfactory epithelium tissue directly to the olfactory bulb. Olfactory epithelium grafts transplanted to the olfactory bulb have good survival rates and express the olfactory marker protein present in mature olfactory neurons [19] . One advantage of grafting olfactory epithelium tissue directly to the olfactory bulb is that regenerating axons would have a short distance to gain direct access to their target cells in the bulb. In contrast, grafting olfactory epithelium cells within the olfactory epithelium of the nasal cavity would require axons to grow longer distances to reestablish connections with second order neurons in the bulb. In addition, they would have to locate and grow through the ethmoid bone at the base of the skull.
Significant progress has been made in developing a mouse model for studying olfactory epithelium grafts in the olfactory bulb [23 ] . The 30-day survival rates of olfactory epithelium graft in the olfactory bulb (five out of six) are similar to those for olfactory epithelium grafts transplanted into cerebral cortex (10 out of 12). The morphology of cells observed in the olfactory epithelium grafts demonstrates the presence of olfactory sensory cells within an epithelium lined with cilia at the surface (see Fig. 1 ). These olfactory epithelium grafts reorganized to form vesicle-like structures within the olfactory bulb that look like miniature nasal cavities. At high magnification, olfactory sensory neurons were observed with well defined dendrites and cilia lining the epithelial surface.
Challenges
Several technical issues and the further refinement of olfactory epithelium grafts must be addressed before application and use in humans can be considered. First, the functional properties of olfactory epithelium grafts must be established in animal models. Can the grafts survive when positioned along the external surface of the bulb? Will the axons from graft neurons grow into the bulb and establish synaptic connections with higher order olfactory neurons? Animal models for testing the functional capacity of olfactory epithelium grafts are currently in development and may provide answers to these ques-tions. Additional challenges related to the translation of olfactory epithelium graft models to humans center around surgical access and the graft sites located at the base of the skull. A small opening in the cribriform plate would be necessary to access the olfactory bulb and position the olfactory epithelium grafts over the ventral surface of the bulb. The mucosal surface of the graft must be exposed to the nasal cavity and a tight seal established at the cribriform plate to prevent cerebrospinal fluid (CSF) leaks.
Although it is likely that many of the technical issues can be addressed through advances in endoscopic sinus surgery and material sciences, the question of neural integration and functional connectivity remains. Will the graft axons connect to cells in the olfactory bulb, and will the mapping of odor information onto the bulb be sufficient to restore odor detection and odor discrimination? 
Conclusion
Patients with a complete loss of smell function (anosmia) often present a therapeutic challenge to the treating otolaryngologist. When there is injury or tearing of the olfactory nerves, such as in traumatic head injury, there is little that the surgeon can do to restore function. Recent studies reporting the survival of olfactory epithelium tissue grafts in the olfactory bulb now offer new hope. Future research and refinement of olfactory epithelium graft methods will ultimately determine the functional and sensory capacity of olfactory epithelium grafts.
